The authors investigated whether polymorphisms in two maternal metabolic genes, cytochrome P-450 1A1 (CYP1A1) MspI and epoxide hydrolase 1 (EPHX1) Tyr113His, affect the association of maternal passive smoking with infant birth weight. The study was conducted in a cohort of 1,388 newly married mothers of liveborn singletons who worked in textile mills in Anqing, China, from 1996 to 2000. Multiple linear regression models were used to estimate the associations of passive smoking and genetic susceptibility with birth weight, with adjustment for important potential confounders. In the passive smoking group, there was a remarkable decrease in birth weight with the C/C6235 genotype (156.3 g, 95% confidence interval (CI): ÿ283.6, ÿ29.0) for CYP1A1 MspI and with Tyr/ His113 (93.8 g, 95% CI: ÿ188.6, ÿ1.1) as compared with His/His113 (244.6 g, 95% CI: ÿ491.0, ÿ1.9) for EPHX1. When results were stratified by maternal genotype, passive smoking conferred a significantly negative effect in the EPHX1 Tyr/His113 group (103.5 g, 95% CI: ÿ205.8, ÿ9.2) and in the His/His113 group (687.3 g, 95% CI: ÿ748.3, ÿ178.3). The data further showed that there was a significant interaction between maternal passive smoking and maternal EPHX1 genotype for birth weight. The authors conclude that the CYP1A1 MspI and EPHX1 genotypes modified the association between maternal passive smoking and infant birth weight in this study, which is suggestive of possible gene-environment interaction. birth weight; cytochrome P-450 CYP1A1; epoxide hydrolases; infant; polymorphism, genetic; tobacco smoke pollution Abbreviations: CI, confidence interval; CYP1A1, cytochrome P-450 1A1; EPHX1, epoxide hydrolase 1; PCR, polymerase chain reaction.
urine of newborns (4, 5) . A person's ability to convert toxic metabolites of cigarette smoke to less harmful moieties is critical for minimizing their adverse health effects. Aryl hydrocarbon hydroxylase, encoded by the cytochrome P-450 1A1 (CYP1A1) gene, is a well-studied phase I enzyme and is particularly relevant to the metabolism of chemicals in cigarette smoke. Detoxification of these epoxides may occur through conjugation with certain endogenous functional groups such as glutathione, catalyzed by glutathione S-transferases (16), or by hydration, catalyzed by epoxide hydrolases in phase II. The end product becomes a stable hydrophilic compound that can easily be excreted (17) . The microsomal form of epoxide hydrolase, epoxide hydrolase 1 (EPHX1), which is encoded by the EPHX1 gene, catalyzes the conversion of a broad spectrum of highly reactive aliphatic epoxides to less toxic trans-dihydrodiols (18) . Both the CYP1A1 gene and the EPHX1 gene are highly polymorphic in the population (19, 20) , and their polymorphisms have been associated with their encoded enzyme activities. CYP1A1 MspI variance may increase aryl hydrocarbon hydroxylase activity, and EPHX1 Tyr113His variance may decrease EPHX 1 activity (21, 22) . Interindividual differences in susceptibility to the adverse health effects of cigarette smoke are partly attributable to different maternal genotypes associated with these enzymes.
Previous studies have shown that maternal genotype can modify the association between maternal cigarette smoking and infant birth weight (23, 24) , and 70 percent of nonsmoking Chinese women between the ages of 20 and 50 years have reported passive exposure to cigarette smoke (25) . It is important to elucidate the effects of passive smoking on pregnancy outcomes; even if the magnitudes of effect are modest, the adverse impacts on the public's health will be widespread with so prevalent an exposure. In this study, we used CYP1A1 MspI and EPHX1 Tyr113His gene polymorphisms to characterize genetic susceptibility to low birth weight and to assess the interaction between metabolic genes and passive cigarette smoking.
MATERIALS AND METHODS

Study site and population
This analysis was part of a prospective reproductive health study carried out from 1996 to 2000 among female textile workers in Anqing, China, an urban area approximately 200 km west of Shanghai. All employees of the textile mills received health care, including prenatal care, delivery, and postnatal care, at Anqing Hospital. To be eligible for inclusion during field enrollment, an employee had to be 1) working full-time, 2) newly married, and 3) aged 20-34 years and 4) had to have obtained permission to have a child. All of the women were nulliparous. Women were excluded if 1) they were already pregnant before enrollment; 2) they had tried unsuccessfully to get pregnant for at least 1 year at any time in the past; or 3) they were planning to quit, change jobs, or move out of the city over the 1-year course of follow up. The study protocols were approved by the Human Subject Committee of Beijing Medical University. We obtained written informed consent from each woman.
Data collection procedures
We used the Chinese marriage registration system to identify newlywed couples and those planning a first pregnancy. Upon enrollment, a physical examination was performed, and height and weight were measured according to a standard protocol. At enrollment, a structured baseline questionnaire was administered by a trained interviewer to the women and their husbands in order to collect information on occupational exposures, personal habits such as cigarette smoking and alcohol consumption, living environment, passive exposure to cigarette smoke, dietary intake, menstrual and reproductive history, and contraceptive use. When a woman decided to stop contraception in order to become pregnant, she began keeping a daily diary on menstrual bleeding and associated symptoms and exposure to tobacco smoke and other occupational exposures. If a woman reported a missed or late menstrual period or had early signs or symptoms of pregnancy, she was instructed to go to Anqing Hospital for a check-up and to give a urine sample for pregnancy testing. Once a woman was confirmed to be pregnant, collection of the daily diaries was terminated and the woman received regular prenatal care and delivery services at the designated hospital according to standard clinical guidelines. The woman was followed up with regard to pregnancy outcomes, including infant birth weight, gestational age, and infant sex, by the research staff. In this study, infant birth weight was measured in the delivery room by a trained nurse and was accurate to 1 g. Blood samples were obtained from women via venipuncture by a skilled phlebotomist. The genomic DNA was extracted according to a standard protocol (26) .
Assessment of environmental tobacco smoke
There is evidence showing that cotinine level is quite positively related to self-reported passive smoke exposure (27, 28) . Therefore, in this study, information on passive smoking during the index pregnancy was based on women's self-reporting and was obtained for three time periods: the first, second, and third trimesters. Each woman recorded the mean number of cigarettes smoked per day at home by regular household members during the three time periods. In our study, the specific question on the questionnaire was, ''On average, what is the number of cigarettes someone smoked indoors at home per day while you were exposed in the last 3 months?'' Exposure to tobacco smoke at the workplace was not considered, because none of the employees at the textile mills were allowed to smoke at work. In the subsequent analysis, maternal passive smoking at home was considered as both a binary variable and a continuous variable. We defined ''non-passive smoking'' as no smoking by regular household members at home during any of the three time periods of pregnancy and ''passive smoking'' as any smoking by regular household members at home during any of the three time periods. We calculated the average number of cigarettes smoked per day at home during the three time periods.
Genotyping methods
Detection of the CYP1A1 MspI polymorphism. For detection of the CYP1A1 MspI polymorphism, the primers used in the polymerase chain reaction (PCR) were bases 42-65 (5#-TCACTCGTCTAAATACTCACCCTG-3#) and the segment from base pair 435 to base pair 455 (5#-TAG-GAGTCTTGTCTCATGCCT-3#). A 20-ng DNA sample was used in a 10-ll PCR reaction containing 50 mM potassium chloride, 1.5 mM magnesium chloride, 10 mM Trishydrochloric acid, 0.1 percent Triton X-100, 200 lM deoxyribonucleoside triphosphates, 200 nM primers, and 0.25 U Taq polymerase. The PCR amplification was carried out under the following conditions: 94°C for 3 minutes, followed by 35 cycles of 94°C for 30 seconds, 54°C for 45 seconds, and 72°C for 45 seconds, followed by a final extension at 72°C for 7 minutes. The reaction products were subjected to digestion by MspI for 15 hours at 37°C. This process results in 295-, 160-, and 135-base-pair products and is able to detect all three possible genotypes for the polymorphism: T/T6235 (homozygous wild type), T/C6235 (heterozygous variant type), and C/C6235 (homozygous variant type).
Detection of the EPHX1 Tyr113His polymorphism. We examined the EPHX1 Tyr113His polymorphism at position 113 in exon 3 of the EPHX1 gene. We used the primers 5#-GGCTTCAACTCCAACTACCTG-3# and 5#-CAATCTTA-GTCTTGAAGTGACGGT-3# in the PCR. A 20-ng DNA sample was used in a 10-ll PCR reaction containing 50 mM potassium chloride, 1.5 mM magnesium chloride, 10 mM Tris-hydrochloric acid, 0.1 percent Triton X-100, 200 lM deoxyribonucleoside triphosphates, 200 nM primers, and 0.25 U Taq polymerase. The PCR amplification was carried out at 94°C for 3 minutes, followed by 35 cycles of 94°C for 30 seconds, 54°C for 45 seconds, and 72°C for 45 seconds, followed by a final extension at 72°C for 7 minutes. The products of 112 base pairs were digested with T th111 I for 15 hours at 37°C. Persons with the homozygous wild genotype show 30-and 90-base-pair fragments, while heterozygous persons show three bands at 30, 90, and 120 base pairs, respectively. Persons with the homozygous variant genotype show only a 120-base-pair band.
Previously sequenced genomic DNA samples were used as positive controls for the homozygous wild, heterozygous, and homozygous mutant genotypes with every PCR analysis to verify the reproducibility of the restriction fragment length polymorphism PCR and to confirm the accuracy of genotype classification. Approximately 10 percent of the samples were randomly selected for reanalysis for verification of the results of the genotyping assays.
Statistical methods
Considering the low number of low birth weight infants (6.5 percent for the nonexposed group and 9.6 percent for the exposed group) and to preserve statistical power, we analyzed our data using birth weight as a continuous variable. We first examined the association between maternal genotype and infant birth weight without consideration of passive cigarette smoking, using multiple linear regression modeling with adjustment for major covariates. We then investigated whether the association between passive smoking and reduced birth weight was modified by maternal genotype, by estimating the association between passive smoking and birth weight in total samples as well as in subgroups stratified by the specific maternal genotypes. To further assess gene-environment interaction, we examined the combined association of passive smoking and maternal genotype with birth weight in six subgroups defined by passive smoking status (no, yes) and maternal genotype for CYP1A1 MspI (T/T6235, T/C6235, and C/C6235) and EPHX1 (Tyr/Tyr113, Tyr/His113, and His/His113). Finally, we tested for gene-environment interaction by adding a product term in the regression model. In all analyses, results were adjusted for the following important potential confounders: maternal age (<25, 25-27, and 28 years), education (elementary school, middle school, and high school or above), shift work (no, yes), exposure to noise at work (no, yes), exposure to vibration at work (no, yes), whether the job was perceived to be stressful (no, yes), prepregnancy height and weight, average number of cooking days per week (days on which the woman cooked for her family; <1, 1-2, 3-5, and 6-7 days/week), history of pregnancy (prior miscarriage or abortion; no, yes), and infant sex. All p values were two-sided, and statistical significance was defined as p ¼ 0.05. Selection of the covariates was based on the current literature on passive smoking and the standard statistical procedures for variable selection (23, 24) . We use SAS software (SAS Institute Inc., Cary, North Carolina) for all analyses. The frequencies of the T alleles of CYP1A1 MspI and the C alleles of EPHX1 Tyr113His in these populations conformed to Hardy-Weinberg equilibrium.
RESULTS
A total of 1,540 mothers were invited to participate in this study. Of those, 152 mothers were excluded because of failure in extracting DNA, failure of genotyping, or missing data. The final analysis included 1,388 mothers (680 nonpassive smokers and 708 passive smokers) who gave birth to live singletons at the Anqing Hospital. As table 1 shows, the nonexposed and exposed groups were similar in terms of age distribution, maternal prepregnancy weight, shift work, exposure to noise and toxins, perceived stress, cooking, and infant sex, whereas the two groups differed with regard to maternal prepregnancy height, education, exposure to vibration in the current job, and history of pregnancy. The mean birth weight was 30.5 g lower (p ¼ 0.2317) for the exposed group than for the nonexposed group, but there was no significant difference. The mean gestational age was 39.5 weeks for both the exposed group and the nonexposed group. Table 2 presents mean values and standard deviations for the total sample and for subgroups defined by maternal y Results from a multiple linear regression model with adjustment for age (<25, 25-27, and 28 years), education (elementary school, middle school, and high school or above), shift work (no, yes), exposure to noise in the current job (no, yes), exposure to vibration in the current job (no, yes), perceived stress of the current job (no, yes), prepregnancy weight and height (linear and quadratic terms), cooking days, history of pregnancy (no, yes), and infant sex.
z b represents the difference in mean birth weight between the variant genotype and the homozygous wild type after adjustment for the covariates listed above.
§ Numbers in parentheses, standard deviation.
mothers with the C/C6235 genotype as compared with those with the T/T6235 genotype. However, a different pattern emerged for EPHX1. Without consideration of passive smoking status, the mean birth weight was associated with genotype; that is, compared with Tyr/Tyr113 mothers, infant birth weight was reduced by 60.0 g (95 percent CI: ÿ119.7, ÿ0.3) and 167.9 g (95 percent CI: ÿ329.6, ÿ6.1) among Tyr/His113 and His/His113 mothers, respectively; in the presence of passive smoking, infant birth weight was reduced by 93.8 g (95 percent CI: ÿ188.6, ÿ1.1) in Tyr/ His113 mothers and 244.6 g (95 percent CI: ÿ491.0, ÿ1.9) in His/His113 mothers. Table 3 presents mean values and standard deviations for the total sample and for subgroups defined by maternal genotype. In addition, table 3 shows the adjusted association between maternal passive smoking and infant birth weight. As estimated from the multiple linear regression model, passive smoking was not remarkably associated with a reduction in mean birth weight of 17.2 g (95 percent CI: ÿ65.0, 30.6) in the total sample. There was also no significant association of passive smoking with infant birth weight with stratification by CYP1A1 MspI genotype. However, this association differed by maternal genotype for EPHX1 Tyr113His. Passive smoking did not confer any adverse effect in the Tyr/Tyr113 group but had a significantly negative effect in the Tyr/His113 group (ÿ103.5 g, 95 percent CI: ÿ205.8, ÿ9.2) and in the His/His113 group (ÿ687.3 g, 95 percent CI: ÿ748.3, ÿ178.3). In other words, for EPHX1 Tyr113His, the negative effects of maternal passive smoking on infant birth weight depended on maternal genotype.
We further assessed the association of amount of passive smoking with infant birth weight by considering passive smoking as a continuous variable (table 4) . For every cigarette a mother was passively exposed to, mean birth weight decreased 18.0 g (95 percent CI: ÿ30.2, ÿ5.9) in the CYP1A1 MspI C/C6235 group and 10.4 g (95 percent CI: ÿ19.8, ÿ1.1) and 346.2 g (95 percent CI: ÿ459.2, ÿ15.2) in the EPHX1 Tyr/His113 and His/His113 groups, respectively. Table 5 presents data on the combined association of passive smoking and maternal genotype with infant birth weight, where b represents the difference in mean birth weight between each subgroup and the reference group. In the absence of passive smoking, maternal genotype alone did not confer any significant adverse effect for either CYP1A1 MspI or EPHX1 Tyr113His. However, in the presence of maternal passive smoking, remarkable reductions in mean birth weight of 112.1 g (95 percent CI: ÿ179.3, ÿ12.2) and 315.6 g (95 percent CI: ÿ506.2, ÿ87.1) were found in the EPHX1 Tyr/His113 group and the His/His113 group, respectively. A test of interaction between maternal passive smoking and maternal EPHX1 Tyr113His genotype was statistically significant for birth weight.
We also analyzed the combined association of passive smoking amount and maternal genotype with infant birth weight, as well as the association with infant birth weight when both CYP1A1 MspI and EPHX1 Tyr113His were considered simultaneously in the presence or absence of passive smoking. However, there was no significant interaction (data not shown). y Results from a multiple linear regression model with adjustment for age (<25, 25-27, and 28 years), education (elementary school, middle school, and high school or above), shift work (no, yes), exposure to noise in the current job (no, yes), exposure to vibration in the current job (no, yes), perceived stress of the current job (no, yes), prepregnancy weight and height (linear and quadratic terms), cooking days, history of pregnancy (no, yes), and infant sex.
z b represents the difference in mean birth weight between passive smoking and no passive smoking in each row after adjustment for the covariates listed above.
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DISCUSSION
Our study showed that the association of maternal CYP1A1 MspI and EPHX1 Tyr113His genotypes with birth weight emerged only in those mothers who were passively exposed to environmental tobacco smoke. More importantly, the study provided consistent evidence that the adverse effects of maternal passive smoking on infant birth weight were modified by maternal CYP1A1 MspI and EPHX1 Tyr113His genotypes. Our data demonstrated that a subgroup of pregnant women with certain genotypes appeared to be particularly susceptible to the adverse effect of passive cigarette smoking, suggesting an interaction between metabolic genes and passive smoking.
Although there are few published data on genetic susceptibility to maternal passive cigarette smoking in relation to birth weight, this susceptibility is biologically plausible. Persons exposed to environmental tobacco smoke are subjected to most of the same constituents as those contained in mainstream smoke, but the pattern and amounts of exposure differ (29) . The potential passive smoke mechanisms are essentially the same as those for active smoking (12, 30) , including vasocontriction and reduced placental blood flow due to nicotine (10), maternal and fetal hypoxia due to carboxyhemoglobin formation, and genotoxicity; that is, reduction of birth weight caused by fetal growth retardation may also be due to disturbance of cell regulation caused by DNA adducts and damage (31) . There is evidence suggesting that toxicity is produced by one or more metabolites of cigarette smoke, particularly the covalent binding to cellular macromolecules, especially DNA (32, 33) . DNA damage may result from some cytochrome P-450 variants (34) and the lack of detoxification of reactive tobacco smoke intermediates. Further studies (35, 36) demonstrated that levels of benzo(a)pyrene diol-epoxide-DNA adducts and bulky DNA adducts were significantly and positively correlated with CYP1A1 enzyme activity. Moreover, the microsomal form of epoxide hydrolase, EPHX1, which is encoded by the EPHX1 gene, catalyzes the conversion of a broad spectrum of highly reactive aliphatic epoxides to less toxic transdihydrodiols (18) . Thus, a person's ability to convert toxic metabolites of cigarette smoke to less harmful moieties is important for minimizing the toxic effect on birth outcomes. CYP1A1 MspI variant genotypes may increase enzyme activity (37) , while the substitution of histidine for the more common tyrosine at codon 113 in exon 3 of EPHX1 may lead to a decrease in enzyme activity (22) . Consistently, our study found that the passively smoking mothers who had the CYP1A1 MspI variant genotype C/C6235 or the EPHX1 Tyr113His variant genotype Tyr/His113 or His/His113, which reduces a person's ability to convert toxic metabolites of cigarette smoke to less harmful hydrophilic compounds, had infants with significantly lower birth weights than the reference groups. Furthermore, the greater the amount of passive smoking to which the pregnant women were exposed, the more remarkably birth weight was reduced in the C/C6235 group of CYP1A1 MspI and the His/His113 group of EPHX1, suggesting a dose-response relation between passive smoking and infant birth weight. y Results from a multiple linear regression model with adjustment for age (<25, 25-27, and 28 years), education (elementary school, middle school, and high school or above), shift work (no, yes), exposure to noise in the current job (no, yes), exposure to vibration in the current job (no, yes), perceived stress of the current job (no, yes), prepregnancy weight and height (linear and quadratic terms), cooking days, history of pregnancy (no, yes), and infant sex. z b represents the difference in mean birth weight for each additional cigarette passively smoked by the mother after adjustment for the covariates listed above.
Several methodological limitations should be considered when interpreting our results. Maternal passive smoking was based on self-reports rather than objective measurements and thus may have been subject to reporting bias and misclassification, which may have caused underreporting of smoking status and underestimation of the effect of passive smoking. Second, we adjusted for several variables, including demographic characteristics, occupational exposure, and reproductive history, in the regression analyses. However, we cannot exclude the possibility of confounding by uncontrolled or inadequately controlled risk factors. For example, we made no attempt to assess nutritional status and maternal weight gain during pregnancy, and socioeconomic status was not considered in our study. Third, the association between genetic susceptibility to passive smoking and reduced birth weight found in this study may be causal or may be a marker for other polymorphisms which are the true susceptibility loci or biologic pathways, because of the possibility of linkage disequilibrium. For example, the EPHX1 His139Arg polymorphism, substitution of arginine for histidine at codon 139 in exon 4, which increases EPHX 1's enzymatic activity by 25 percent, could modify the effect of the loss-of-function variant Tyr113His with respect to low birth weight (38) . In addition, the Ile462Val polymorphism in exon 7 of CYP1A1 is usually linked with MspI and may increase the activity of aryl hydrocarbon hydroxylase, and is particularly relevant to the metabolism of chemicals in cigarette smoke. Fourth, there may be potential interactions with polymorphisms in genes for other phase II enzymes such as glutathione S-transferase T1 (GSTT1) and y Results from a multiple linear regression model with adjustment for age (<25, 25-27, and 28 years), education (elementary school, middle school, and high school or above), shift work (no, yes), exposure to noise in the current job (no, yes), exposure to vibration in the current job (no, yes), perceived stress of the current job (no, yes), prepregnancy weight and height (linear and quadratic terms), cooking days, history of pregnancy (no, yes), and infant sex.
z b represents the difference in mean birth weight between each subgroup and the reference group after adjustment for the covariates listed above.
§ Numbers in parentheses, standard deviation. { Test for interaction: p value for test of the null hypothesis; b ¼ 0 in the multiple linear regression models for the product term, passive smoking 3 genotype.
glutathione S-transferase M1 (GSTM1), which are also reported to be associated with a lack of or reduction in enzymatic activity toward several substrates, including those found in tobacco smoke (39) (40) (41) (42) , and which may modify the effects of CYP1A1 MspI and EPHX1 Tyr113His to some extent. Extensive efforts should be made to examine other polymorphisms to develop haplotype studies and to further test for these interactions. In addition, we only examined maternal genotypes, and the roles of fetal genotypes in modifying the adverse effects of passive smoking and maternalfetal gene interaction remain to be determined.
In conclusion, we have demonstrated that the association between maternal passive smoking and reduced infant birth weight is significantly modified by maternal genotype. This study provides evidence of gene-environment interaction and suggests the importance of further assessing the role of genetic susceptibility in the evaluation of reproductive toxins. A coherent gene-environment interaction approach may help to identify high-risk subpopulations for clinical or public health interventions.
